Some ABX 3 perovskites exhibit different local environments (DLE) for the same B atoms in the lattice, an effect referred to as disproportionation, distinguishing such compounds from common perovskites that have single local environments (SLE). The basic phenomenology associated with such disproportionation involves the absence of B-atom charge ordering, the creation of different B-X bond length ('bond alternation') for different local environments, the appearance of metal (in SLE) to insulator (in DLE) transition, and the formation of ligand holes. We point out that this phenomenology is common to a broad range of chemical bonding patterns in ABX 3 compounds, either with s-p electron B-metal cations (BaBiO 3 , CsTlF 3 ), or noble metal cation (CsAuCl 3 ), as well as d-electron cations (SmNiO 3 , CaFeO 3 ). We show that underlying much of this phenomenology is the 'self-regulating response', whereby in strongly bonded metal-ligand systems with high lying ligand orbitals, the system protects itself from creating highly charged 
density functional calculations describe this phenomenology across the whole chemical bonding range without resort to special strong correlation effects, beyond what DFT naturally contains. In particular, lower total energy configurations (DLE) naturally develop bond alternation, gaping of the metallic SLE state, and absence of charge ordering with ligand hole formation.
I.
Introduction: Single vs multiple local bonding motifs for the same element in a crystal
Single repeated structural motif -be that AX 4 tetrahedron, or AX 6 octahedron, or A 3 B 3 X trigonal prism -have established the basis of our understanding of structure and bonding in solids and molecules. [1] [2] [3] Furthermore, the tradition of using in electronic structure calculations the economically smallest possible unit cell, naturally forced in simple models the situation where each bonded element was described via a single local environment (SLE) --the so-called Monomorphous representation. Ionic solids were generally modeled by the NaCl structure; intermetallic compounds by the L1 0 CuAu-type structure; and ternary ABO 3 oxides via the cubic perovskite (Pm3m) structure. This view also underlies the description of disordered A x B 1-x alloys via the popular single site coherent potential approximation approach (CPA) 4, 5 where all A atoms (and separately all B atoms) are assumed to see the same potential.
At the same time, the existence of more than one inequivalent Wyckoff position for identical elements in a lattice is no foreigner to crystallography. Cs 2 [AgIn]Cl 6 15 ), in the current paper we discuss the unusual case of disproportionation with the same chemical element B.
Fig 1:
Schematic representation of a total energy of a fixed-composition compound ABX 3 appearing in a few hypothetical phases (α, β, γ, δ) of different local environments vs. the "local Environment Descriptor" which can, for example, be the formal oxidation state (FOS), or the coordination number, or the magnetic moment of the electronically active element. A phase below (a) or above (b) the tie line connecting the nearest neighbor phases (dashed blue line) will manifest in SLE and DLE behavior, respectively.
The existence of stable SLE or a stable DLE can be represented in a generalized 'Convex Hull' plot of total (free) energy of different phases vs some descriptor of the local environment (such as FOS, or coordination number, etc), as shown in Figure 1 . In the first case (Fig. 1a) , atom B in either the β or the γ state will not disproportionate because this would raise its energy relative to the 'tie line' represented by the straight blue line and will stay as an SLE, whereas in the second case (Fig. 1b) atom B in the γ state will disproportionate into β + δ because this lowers its energy relative to the tie line.
We will follow in the present work this total energy guide for the tendency of various systems to manifest SLE or DLE behavior.
II.
The main questions addressed with respect to SLE vs DLE in ABX 3 We phrase below a number of questions posed regarding disproportionation in Fig.1) , and learning what would be expected for this specific compound. These graphs were constructed by using solutions and electrode potential free energies. This view that integer oxidation states are physically realizable (as opposed to being formal labels) led to the picture equating such disproportionation to "charge ordering" 19, 37, 38 whereby the formal oxidation states corresponds to physical charges, alternating on the different chemically identical elements throughout the lattice.
To establish whether a structural change such as SLE-to-DLE is associated with a change in charge distribution we compute the quantity most directly related to our question, namely the variational charge density ρ(r) calculated self consistently by DFT for DLE and for SLE geometries. We therefore calculated the charge accumulation function i.e. the charge enclosed in a sphere of radius R around the B atom, as a function of R. Contrary to other methods of estimating the charge around an atom, such as Bader analysis, where a fixed boundary is chosen, the charge accumulation function is a direct measure of the charge density, providing direct evidence of the charge distribution around a certain atom. From these plots, it is also straightforward to clearly see the charge density difference around a certain atom. We clearly see that the physical charge density is essentially unchanged around the B atom as a result of the structural change. If one considers instead an indirect measure such as formal oxidation states, one deduces that it changes very significantly by the SLE-to-DLE transformation. We conclude that the FOS has little or nothing to do with the physical charge density. The reason for this was discussed in detail in Ref 39 in terms of the 'charge self regulating response', whereby charge rearrangement on the cation is offset by opposite rearrangement on the ligands, resulting in a minimal net change in physical charge density. In contrast, the FOS concept focuses just on the atom whose charge is counted, (namely, the B cation in the present case), seeing therefore just a piece of the picture. Similar conclusion were reached for the case of transition metal impurities in semiconductors, 39 Once it is understood that the charge residing in a certain B atom is basically constant for different local environments, it is important to look for a more relevant descriptor for this disproportionation. X-ray techniques can precisely determine the difference in bond lengths between the B atoms and the ligands. They can clearly differentiate the large and small octahedra in perovskites such as those studied in this paper. 10 While it is possible to assign different bond distances to different FOS, 9 the fact that the physical charge residing on different B atoms is nearly identical suggests that this assignment does not reflect a causal mechanism. For example, PbCoO 3 is said 42 to have both A-site and B-site charge ordering, leading to a formal description as [Pb
The characterization as a charge ordering compound in this case came from X-ray measurements that show two groups of Pb-O bonds and two groups of Co-O bonds and not the direct measurement of any quantity related to charge. Our analysis indicates that it is best to use the bond geometries to differentiate these DLE, since this is the property that is usually measured, and not the FOS. We will show that DFT can predict the observed bond disproportionation in all DLE compounds studied. Sawatzky and collaborators reached a similar conclusion for BaBiO 3 17 and Varignon et al for rare earth nickelates. 25 We therefore use the term 'bond disproportionation' rather than 'charge ordering/disproportionation'.
(d) How is the SLE vs DLE selection related to metallic vs insulating character of the compound?
It has been often observed that structural disproportionation comes with a simultaneous metal-insulator transition, e.g. in rare earth nickelates 11, 26, 32 and CaFeO 3 29 . For transition metal compounds, correlation effects have been used to explain the metal insulator transition. 32 We find in standard DFT description for both s-p ABX 3 systems and ABX 3
d-electron systems that whenever the SLE phase is metallic, the formation of the DLE configuration lowers the total energy (Viz. Fig 1b) and becomes automatically insulating. Specifically, in RNiO 3 , the metal-insulator transition is developed by lattice mode couplings between rotations in DLE rather than by pure correlation. 26 Thus the metalinsulator transition is an energetic consequence of disproportionation in these systems.
(e) How is disproportionation related to Ligand Hole?
The basic electronic structure 43 ] complex in BaBiO 3 , where the hole is localized on the oxygen octahedra). In addition, ligand holes were recently discussed in organometallic systems when strong π−π interaction splits the ligand π band so the upper π * band is unoccupied. 47, 48 We next provide a detailed discussion of the five questions above, leading to the conclusion that the phenomenology of disproportionation-absence of charge ordering, formation of bond length disproportionation, gap formation, as well as ligand hole formation-is derived and detected by total energy lowering within standard DFT, and is common to both s-p electron and d electron ABX 3 compounds.
III. Method
Density functional description of the SLE to DLE transformation: With the advent of accurate first principles exchange and correlation functionals 49 and effective energy minimization strategies (local gradients, 50 minima hopping, 51 Global Space Group Optimization, 52 etc.), the possibility of affording larger-than-minimal super cells, which provide an opportunity for chemically identical atoms to develop their own unique local environments has arisen. Consequently, it became possible to simulate this kind of SLE/DLE materials from a computational perspective, getting insights into the origin of these different configurations for the same atom. Electronic Hamiltonian and its solver: Calculations were performed using the plane wave pseudopotential total energy DFT approach as implemented in the VASP 53 These values of U were chosen based on extensive tests from previous studies. 25 Basis set cutoff energies were set to 600eV for CaFeO 3 and SmNiO 3 and 400eV for the other compounds. The Brillouin zones were samples with k-point meshes up to 8x8x6 for orthorhombic phases (20 atoms) and 6x6x6 for cubic ones (5 atoms).
Input crystal structures for relaxation:
When available, we have used crystal structures reported in the ICSD 58 for our calculations, and optimized both lattice vectors and internal atomic coordinates to minimize total energies until the forces on each atom for each Cartesian coordinate are smaller than 0.001eV/A. Such a relaxation scheme allows the system to change the symmetry of the trial structure. The most common structures observed in our SLE and DLE configurations are shown in Figure 2 . In the SLE case (Figs 2a and 2b ), all octahedra have the same shape and size. In the DLE configuration (Fig 2c) there are two different octahedra, arranged in such a way that a large octahedra is surrounded by six small octahedra and vice versa. Table I reports the space group symmetries of our optimized structures for both SLE and DLE phases, together with the references for experimental papers reporting these structures. For
CaFeO 3 , both SLE and DLE configurations have been observed experimentally (so the convex hull illustrated in Fig 1 must be rather shallow) , the DLE being the low temperature structure. 13 For this case we use as trial structure the experimental crystal structure, with a ferromagnetic configuration for the spin arrangement, then relax the structure. For SmNiO 3 only the SLE configuration has been observed, 23 17, 65 suggesting that bond disproportionation, or different local environments, should be a better description of the physical reality.
We have analyzed the variational DFT calculated charge density profiles around the B atoms for six structurally relaxed compounds. In Fig 3 we plot the total valence charge density of these compounds in a few different ways. First, in the left panels, we present a 2D representation of the total charge density in a plane containing both B atoms 
For all the studied cases we find that the charge around the B atoms in different local environments, supposedly designated by widely different oxidation states, is rather similar.
This principle of conservation of cation charge under different bonding conditions in strongly coupled metal-ligand compounds has been discussed in the context of the Self Regulating Response [39] [40] [41] 66 for the case of transition metal impurities in semiconductors, 39 for Co in LiCoO 2 vs delithiated CoO 2 , 40 and for Sn atoms in perovskites such as CsSnI 3 and for its reduced form where 50 % of the Sn is removed as in Cs 2 SnI 6 . The description above is a clear confirmation that the use of 'valence' or 'charge' for differentiating both atoms in different local environments is not a good choice, since the charge in both is basically the same. Although there might exist a very small difference between the charge density on the two atoms, this difference is far from the two electrons argued by the valence skipping proposals. Such behaviors were explained earlier 25, [39] [40] [41] 66 by the cooperation of the ligand orbitals that rehybridize in response to a change in total charge (reduction; de lithiation; charging a sample) so as to minimize the perturbation-a manifestation of the Le Chatellier principle.
Given that the physical charge on the disproportionated atoms is rather similar, the next obvious question is: "What is a physically meaningful descriptor of the local environment of the disproportionating B atom?" This will explain, via Fig.1, which compound disproportionates and which stays as an SLE. The answer, as discussed next, is the bond geometry around each of the disproportionated atoms. 
C. The Different B-X bond lengths in DLE and SLE octahedra form good markers for disproportionation
A good way to differentiate the B atoms at different local environments in DLE compounds is through a directly measurable quantity such as the bond distance between the B and X atoms. Figure 4 shows the calculated B-X bond lengths in SLE and DLE phases of each of the studied materials, and a comparison with the available experimental results. For the SLE phase (red bars in Fig 4) , the equal octahedra can either have six The results presented in Table III 
D. Energy lowering upon DLE formation is accompanied by gaping and metal to insulator transition
In some compounds like CaFeO 3 29 and in some rare earth nickelates such as YNiO 3 26 the structural transformation from DLE (an insulator) to SLE (a metal) configuration with increasing temperature is accompanied by an insulator to metal transition. The fundamental origin of the band gap opening as well as for the transition from SLE to DLE are still a matter of debate. Table II shows the calculated band gaps both within the GGA approximation (or GGA+U for transition metal compounds) and also using HSE hybrid functionals for the studied compounds. HSE calculations consistently give larger band gaps for the compounds, as expected. For BaBiO 3 , as previously discussed in the literature, the GGA band gap is zero. As the VBM and CBM are in different points of the Brillouin zone, 68 and there are no levels crossing the Fermi energy, this zero gap should not be a major problem for the analysis reported below. Figures 5 and 6 show the density of states of the selected compounds in both SLE and DLE configurations. Figure 5 reports results for compounds that are not spin polarized, whereas in figure 6 we report the density of states for the magnetic compounds (only spin-up), where the ferromagnetic configuration was assumed. Other complex magnetic configurations might exist in these compounds, 25 but they will not be discussed in the present paper. Our test calculations with AFM configurations show that our main conclusions will not change with a different magnetic configuration.
As can be observed on the left panels of figures 5 and 6, all the SLE configurations are metallic. The red curve represents the ligand (Oxygen, Fluorine or Chlorine) states, whereas the green curves represent the B atom orbitals. For the DLE configuration, right panels on Figs 5 and 6 , we separate the contribution from the B atom inside the large octahedra (painted green) and from the B atom inside the small octahedra (painted purple). Red curves again represent the ligands. The levels related to the A atom do not appear in the selected energy range. We can clearly see a specific qualitative behavior in these compounds: the levels related to the B atom in the large octahedra are mostly localized in the valence band, whereas those related to the B atom on the small octahedra are in the conduction band. As the coupling between the B atom and the ligands is larger in the small octahedra, these levels are pushed to higher energies (purple curves), whereas those from the large octahedra are mostly filled in lower energies (green curves).
The different coupling between large and small octahedra is a clear and straightforward explanation of why the DLE phase is insulating.
The hybridization between B atom and ligands also leads to a large DOS contribution from ligand (oxygen, fluorine and chlorine) atoms around the Fermi energy. As shown in Fig. 5 and 6 , for BaBiO 3 , CaFeO 3 and SmNiO 3 , the ligand contribution to the CBM is much larger than that from the B atom, consistent with the previous observation/prediction 17, 29, 43 , while for CsTlF 3 and CsAuCl 3 , the CBM has almost a similar contribution from the ligand and the B atom. We will further discuss such ligand hole states in Sec. F. 
E. Model for energy lowering and band gap opening in SLE-to-DLE conversion:
The fact that for all studied compounds there is energy lowering and band gap opening when going from SLE to DLE is a clear indication that there is a universal behavior in these phenomena and, as such, it should be possible to develop a unified model to explain such properties. This can be done through an energy level diagram, as shown in Figure 7 . In a first approximation, considering only the electronic contribution to the total energies, the energy lowering and band gap opening in DLE configurations can be understood through the different strengths of coupling between the B and X atoms in the BX 6 octahedra. In figure 7 we will use BaBiO 3 as an example, although similar trends can be extended to all other compounds.
SLE bonding:
In Fig 7a, the coupling between oxygen 2p and bismuth 6s and 6p levels is depicted for the SLE configuration. As can be observed, this will lead to a metallic configuration, basically owing to electron counting. As all octahedra are similar, there will be only one strength for the coupling between the B atom and the X octahedra. In Fig 7b we show the same diagram for the DLE case. As there are now two different octahedra, one large and one small, we have to separately consider both of them. The coupling between Bi and O levels in the small octahedra is stronger, owing to the shorter bond distance. This will push the hybrid levels of the small octahedra upwards, emptying one s-p hybrid orbital. This empty hybrid orbital is usually called a ligand hole orbital, as will be discussed in the next section. For the large octahedra the coupling is weaker, leading to weaker repulsion. By considering both large and small octahedra, the final effect is that holes are pushed to higher energies and electrons are pushed to lower energies, leading in first order to an electronic energy gain.
DLE bonding:
If the difference in the strength of the coupling for small and large octahedra is large enough, this will also open a band gap in this material. We address the five questions posed in the Introduction as follows:
(a) DFT provides an adequate level of theory of interelectronic interactions for predicting the tendency of actual ABX 3 to be SLE or DLE.
(b) The formal oxidation state is not a physically meaningful 'local environment descriptor' for predicting within the convex hull construct of Fig.1 the tendency of actual ABX 3 to be SLE or DLE.
(c) Bond geometry is a physically meaningful descriptor for predicting within the convex hull construct of Fig.1 the tendency of actual ABX 3 to be SLE or DLE.
(d) The SLE vs DLE selection is directly related to metallic vs insulating character of the compound.
(e) Disproportionation per se is not related to ligand hole formation which is a more general phenomena associated with strong metal-ligand bonding for the orbital order of ligand orbital energy being above metal orbital energies. However, in creating a compressed octahedron with short bond lengths, disproportionation provides a platform for ligand hole formation.
